Introduction
During migration birds can facultatively adjust their rate of migration in response to a variety of endogenous and environmental factors. During the migration season energy stores and feeding/refueling rates are a critical determinant modulating migratory behaviour (Fusani et al. 2009 , Eikenaar and Schläfke 2013 , Lupi et al., 2016 . In addition, external factors also affect the costs and benefits of migration and can modulate migration behaviours. For example, inclement weather can alter the best time to arrive on the breeding grounds and/or cause direct mortality (Newton 2008) . Conversely, favourable weather can reduce the costs of migration (Liechti and Bruderer 1998) . Observational studies show that barometric pressure, precipitation, visibility, wind, and temperature are all associated with migration rates in free-living birds (Richardson 1990 , Åkesson and Hedenström 2000 , Dänhardt and Lindström 2001 , Mitchell et al. 2012 ). In addition, average spring temperature is correlated with rates of spring migration in North America with birds moving from Louisiana to the Great Lakes region more quickly during warmer springs (Marra et al. 2005) .
Although variation in bird migration in relation to weather has been studied extensively in the field, determining exactly which environmental cues birds actually respond to when migrating still requires experimental manipulations in order to control for correlated environmental factors. To definitively test which of these environmental cues, if any, birds use to adjust migratory behavior requires that they are manipulated independently in an experiment. In this study we tested whether songbirds directly use temperature as a cue to modulate nocturnal migratory behaviour during autumn DOI 10.1515 /ami-2017 -0001 Received June 21, 2016 accepted December 16, 2016 Abstract: Migrating birds may respond to a variety of environmental cues in order to time migration. During the migration season nocturnally migrating songbirds may migrate or stop-over at their current location, and when migrating they may vary the rate or distance of migration on any given night. It has long been known that a variety of weather-related factors including wind speed and direction, and temperature, are correlated with migration in free-living birds, however these variables are often correlated with each other. In this study we experimentally manipulated temperature to determine if it would directly modulate nocturnal migratory restlessness in songbirds. We experimentally manipulated temperature between 4, 14, and 24°C and monitored nocturnal migratory restlessness during autumn in white-throated sparrows (Zonotrichia albicollis). White-throated sparrows are relatively shortdistance migrants with a prolonged autumnal migration, and we thus predicted they might be sensitive to weatherrelated cues when deciding whether to migrate or stopover. At warm temperatures (24°C) none of the birds exhibited migratory restlessness. The probability of exhibiting migratory restlessness, and the intensity of this restlessness (number of infra-red beam breaks) increased at cooler (14°C, 4°C) temperatures. These data support the hypothesis that one of the many factors that birds use when making behavioural decisions during migration is temperature, and that birds can respond to temperature directly independently of other weather-related cues.
migration. There is some debate as to whether temperature is a direct causal factor in departure decisions (Newton 2008) . Temperature is associated with other weather conditions (e.g., wind and pressure) that make flight more or less favourable so correlations with temperature may simply be spurious (Richardson 1990 ). On the other hand, temperature could directly affect energetic costs and food availability, thus responding to temperature directly could be advantageous for birds.
We hypothesized that songbirds respond to temperature directly when deciding whether to make a migratory departure or to remain at a stop-over site, as they do when adjusting the timing of reproduction (Caro et al. 2013) . We predicted that during autumnal migration colder temperatures should increase, and warmer temperatures decrease, the probability and intensity of nocturnal migratory restlessness (zugunruhe). To test this hypothesis, we exposed captive white-throated sparrows (Zonotrichia albicollis) to experimental temperature manipulations and measured their nocturnal migratory restlessness. By alternating temperature independently in two adjacent environmental chambers we could control for the effects of other external factors such as barometric pressure or calendar date, and by repeatedly measuring changes in nocturnal migratory restlessness in the same birds we could control for endogenous factors such as body condition. Nocturnal migratory restlessness in captive birds has long been used as an index of migration behaviour in a variety of birds (Berthold et al. 2000) including Zonotrichia sparrows (Coverdill et al. 2011) , and is correlated to migratory movements of free-living birds Schmaljohann 2015) . We used white-throated sparrows because they are a short-distance migrant and are exposed to a wide range of weather and temperature conditions during their migration, and should thus be sensitive to environmental cues during migration.
Methods
Between October 21 and 26, 2012 we captured 19 whitethroated sparrows during their autumn migration at the University of Western Ontario (42.98° N, 81.25° W). We were not able to definitively age the birds, but based on plumage all birds used in this study appeared to be after-hatch year birds (at least one-year old). The week of capture was the week following the peak abundance of migrating whitethroated sparrows in the London, Ontario area; peak migration abundance of this species in Middlesex County, Ontario, Canada occurred during the week of White-throated sparrows typically continue migration until about mid-November (Falls and Kopachena 2010), thus our experiment was conducted during the second half of the naturally occurring migration season for this species, and birds were captured at a location on the border of their breeding and wintering range (Figure 1) .
Following capture birds were immediately moved into individual cages within two environmental chambers at the Advanced Facility for Avian Research, University of Western Ontario. Each bird was randomly assigned to one of the two chambers and remained in that chamber throughout the study. These chambers (interior dimensions: 2.8 m wide x 2.85 m long x 2.3 m high) control temperature from 2 to 40°C while providing approximately 15 air exchanges per hour (15% fresh air, recirculated air is HEPA filtered). These chambers and the caging arrangements are illustrated in Figure 2 .
Birds were provided water and food (fortified budgerigar seed and ground Mazuri small bird maintenance diet) ad libitum throughout. Although fat deposits of birds were not quantified, visual inspection revealed that all birds had large bulging furcular fat deposits (fat scores of 4 on a 0 to 5 scale) throughout the entire experiment. We monitored nocturnal activity on 14 nights between 29 October and 14 November 2012, thus birds had habituated to captivity three to eight days by the start of the study. Photoperiod was maintained to be similar to the natural photoperiod at this time of year (10.5 h light : 13.5 h dark). During the night the chamber was dimly illuminated with an LED nightlight.
Within the environmental chamber birds were housed individually in 39 × 34 × 42 cm cages with a single horizontal perch, and a food cup and water dish. At one end of the perch there was an infrared (IR) emitter, and at the other end there was an IR detector connected to a data logger (HOBO model UX120-017M, Onset Computer). Prior observations (Vandermeer 2013) indicated that the IR system detects IR beam breaks during the night when birds exhibit typical migratory restlessness including beak-up and beak-up wing-quivering behavior (as described in Coverdill et al. 2011) . Sleeping birds produced no activity detectable by the IR system. The data logger sampled activity detected by the IR detector every 1 s. Vertical opaque partitions were placed between the cages to prevent IR illumination from transmitting between cages.
Data from the data loggers were downloaded each morning. If an IR system was not functioning properly (typically due to the bird dislodging the perch or circuit Nighttime temperature in the two environmental chambers used in this study. The photo (left) illustrates housing conditions within one of the environmental chambers, though during the study opaque barriers were placed between adjacent cages. White-throated sparrows in each chamber were held at either 4, 14, or 24°C each night (graph on right). The temperature of both chambers was 14°C on days 9 through 11 but no data were collected on those days. boards, or electronic failure) in the morning the data from the previous night were excluded from further analysis.
To manipulate temperature we cycled each chamber through three different temperature levels. Following capture, birds were housed at 14°C, which was the typical daily high temperature at the site and time of capture. We then alternated birds from this holding temperature to either a cool temperature (4°C) or warm temperature (24°C) such that when one chamber was warm or cool the other was always at the standard 14°C (Figure 2) . In this way, the two chambers would differ in temperature while controlling for external factors such as ambient barometric pressure. In addition, birds were always housed at 14°C for at least one day between cool and warm treatments ( Figure  2 ). These temperatures are within the normal range that the birds might experience in the wild at this time of year (Figure 1 ). Temperature changes always occurred in the afternoon (about 14:00 h) and were changed gradually over a period of about 45 min.
Birds were captured under a Scientific Collecting Permit from Environment Canada and all procedures were approved by the Animal Use Subcommittee at the University of Western Ontario.
We collected 193 records of nocturnal activity from the 19 birds over 14 nights. Five of the birds did not display any nocturnal activity on any of the recorded nights (zero beam breaks recorded during all nights recorded), and they were excluded from further analyses, yielding 143 records from 14 birds. The statistical analyses yielded qualitatively identical results regardless of whether these non-active birds were included or excluded. Each nocturnal activity record contained the number of beam breaks for each minute over the course of the night. We filtered these values such that readings over 100 beam breaks/min were capped to a value of 100. Pilot work indicated that wing fluttering by birds could cause rare but anomalously high counts of beam breaks (Vandermeer 2013 ) that induced positive skew in the data. Setting a maximum value of 100 breaks/min reduced this skew but still captured variation in nocturnal restlessness. We then calculated the mean activity levels for each 30 minute time bin over the night, then calculated a grand mean value of beam breaks per minute for each bird for each night. The distribution of nocturnal activity across nocturnal activity records was bimodal, with a large number of zero values (Figure 3) . We thus classified any bird that had an average activity level of more than 10 beam breaks per minute as nocturnally active, and birds with fewer beam breaks as not active.
We analyzed the effects of temperature manipulation on migratory restlessness in two ways. First we tested temperature's effect on whether or birds would display migratory restlessness, or not, using Fisher exact tests. Second, we tested whether temperature affected the intensity of migratory restlessness. The number of beam breaks (activity) was modeled as a function of temperature. Temperature was entered as a fixed effect into a linear mixed model, with bird ID as a random effect to control for repeated measures. We also conducted a mixed model to determine if changes in temperature, rather than the absolute temperature, affected nocturnal activity. The residuals of these mixed models appeared normally distributed. Fisher's exact tests were conducted with an online calculator (http://www.quantitativeskills.com/ sisa/index.htm). Linear mixed models were implemented using IBM SPSS Statistics (version 24). 
Results
Nocturnal activity varied substantially between individuals and over the nights of this study ( Figure  4) . The most conspicuous result is that birds held at 24°C never exhibited any nocturnal activity (zero of 23 nocturnal activity records). That is, no beam breaks were ever detected at night at this temperature, even though birds exhibited normal activity during the day (data not shown). The number of birds exhibiting nocturnal activity (more than 10 beam breaks per 30 minutes) was higher when birds were exposed to 14°C (8 of 104 nocturnal activity records) or 4°C (6 of 23 nocturnal activity records). Although the overall number of nocturnal records with activity was low (only 9.8% of records had activity > 10 beam breaks / min) those records with nocturnal activity were not randomly distributed across temperature treatments (Table 1; Fisher's exact test; p = 0.0195).
If we consider birds that have any number of beam breaks above zero to be active, the difference across unable to assess any interaction between energy stores and temperature in regulating migratory behavior. It could be that cold temperatures may facilitate autumnal migratory restlessness, but only in well-fed birds. We would need to repeat our experiment with birds in different body conditions to explore the potential interaction between energy stores and temperature in the regulation of migratory behaviour. From an ultimate perspective, warm temperatures might inhibit autumn migration as a signal of direct or indirect benefits. Warm temperature could directly signal that invertebrate food will be abundant temperature treatments is even more apparent (number of records with nocturnal activity: 24°C: 0/23; 14°C: 34/104; 4°C 14/23). The observed number of activity records with zero beam breaks recorded (0/23) was significantly lower than expected by chance (8/23; Fisher's exact test; p = 0.0019).
The intensity of migratory restlessness also varied across temperature treatments ( Figure 5 ). We conducted a linear mixed model with nocturnal activity (mean beam breaks per minute) as the predicted variable, and temperature as a fixed effect; bird ID was entered as a random effect to control for repeated measurements. This model indicated a significant main effect of temperature treatment (F 2,129.8 = 5.49, p < 0.005). Sidak-corrected posthoc comparisons indicated that the activity levels at 4°C were greater than those at 14 and 24°C, which did not differ from each other.
To determine if an increase or decrease in temperature affected nocturnal activity we ran another linear mixed model with nocturnal activity as the predicted variable and change in temperature (up [4 to 14, or 14 to 24] ; no change; or down [24 to 14, or 14 to 4]) as a fixed effect; bird ID was entered as a random effect. This model indicated that the change in temperature was not significantly related to nocturnal activity (F 2,177.7 = 1.31, p = 0.27).
Discussion
Our results indicate that temperature manipulation has a direct effect on the probability and intensity of nocturnal migratory restlessness in white-throated sparrows. It is clearly not the case that temperature alone is the sole cue that songbirds use when deciding whether to migrate or stopover. Birds are influenced by endogenous cues such as energy reserves (e.g., Schläfke 2013, Fusani et al. 2009 ) and also respond to other external cues such as wind conditions (e.g., Schmaljohann 2015, Smith and McWilliams 2014) . Our results indicate that temperature itself is an additional cue that affects nocturnal migratory restlessness. We never observed any migratory restlessness on warm nights. All of our birds were fed ad libitum and had large fat deposits, so we are Table 1 . Observed and expected number of activity records that contained nocturnal activity > 10 beam breaks per 30 minutes. Expected values calculated given the total number of records collected and overall likelihood of a record containing nocturnal activity, rounded to the nearest integer.
4°C
14°C 24°C at the local site. In addition, warm temperatures might indirectly signal that winds are prevailing from the south and creating head-winds that would increase the cost of migration. Regardless, it makes intuitive sense that birds would inhibit autumn migration in warm conditions and accelerate it in cold conditions if cold winter temperatures are one of the reasons that birds migrate away from their breeding grounds. Our results are particularly interesting given the potential effect of temperature on vernal migration in the same species of sparrow (Metcalfe et al. 2013) . In a prior study conducted during spring we manipulated barometric pressure and temperature in tandem, and found that increased barometric pressure in conjunction with decreased temperature (simulating a high pressure cold front that would normally generate winds from the north) resulted in decreased migratory restlessness at dusk (Metcalfe et al. 2013 ). Unfortunately, temperature was not manipulated alone in that study. However, the combined results suggest that cold temperature stimulate migratory restlessness in autumn and inhibit it in spring. How the same environmental cue might have opposite effects on behaviour during spring and autumn requires further study.
Although our study clearly indicates that temperature affects migratory restlessness further work is required to explore this phenomenon. First, our study was conducted only in the latter part of the fall migration. It is unclear if temperature would have similar effects earlier in the fall migration. Indeed, only 33.4% of our activity records had any beam breaks, and only 9.8% of our activity records had activity greater than 10 beam breaks per minute. Further experiments in both spring and fall throughout the entire migration season are warranted. Second, because migration often varies across sex and age classes within a species, further work examining how males and females of different ages respond to temperature is needed. It may be, for example, that during spring males may be less responsive to temperature than females in species with migratory protandry in which males pay high fitness costs for arriving late to the breeding grounds.
In summary, our study provides some of the first direct experimental evidence that temperature is an environmental cue that is directly detected by birds to influence migration behaviour. Future work should examine the physiological mechanisms of this effect, and how temperature is integrated with other environmental cues to allow birds to facultatively adjust their rate of migration. Such work will be important if we are to understand the timing of bird movements and how such timing may change in the face of global climate changes.
